Lithium is a leading drug for the treatment of bipolar disorder and affects many biochemical pathways via inhibition of phosphatases and kinases. Lithium can replace magnesium cations in enzymes and small molecules, among them ATP. Here we extract the binding environment of lithium in LiATP. Using a multi-nuclear solidstate NMR approach, we determine that lithium coordinates with the first (P) and second (P) phosphates of one ATP molecule, and with the second (P') phosphate of a second ATP molecule in the unit cell. The Li-P distance is 3 Å. The fourth coordination is probably to water. We suggest that the phosphate chains are non-linear and that P of one ATP molecule resides in between P' and P' of a second ATP molecule. Despite the use of excess lithium in the preparations, sodium ions still remain bound to the sample, at distances of 4.3-5.5 Å from Li, and coordinate P, P ' , and P.
Introduction
The adenosine triphosphate (ATP) molecule is of paramount importance, enabling myriad processes including energy transport within cells. It takes part in many cellular processes including signal transduction. It is the substrate for GSK-3 ( glycogen synthase kinase-3), an enzyme which is involved in many signaling pathways and has been linked with the pathogenesis of several diseases including type 2 diabetes, Alzheimer's disease and bipolar disorder. [1, 2] ATP is composed of a purine base called adenine, a ribose, and three phosphate groups. ATP binds to a variety of metal ions, and its metal bound form is the substrate for numerous enzymes.
Physiologically, Mg 2+ is the most relevant metal ion that binds ATP.
Lithium has many biological molecular targets, including molecules that are neurotrophic and molecules related with important signal transduction pathways. [3] It is an inhibitor of phosphatases and kinases, and it interacts with phosphorylated substrates such as ATP, the biological substrate for GSK-3 (in the magnesium bound form) thus causing its inhibition. Lithium enters the cells via voltage-sensitive sodium channels and can affect intracellular sodium and calcium levels. [4] The structure and binding of metal complexes of ATP has been studied extensively, and the association constants of different metals to ATP were measured by various methods to some diversity. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] These solution state studies report on a 1:1 ionic complex formation, dominated by the MgATP 2species. However, the existence of the neutral Mg 2 ATP complex was also observed [8, 12] and the possible formation of the complex, Mg(ATP) 2 6was suggested. [7] Measurements have shown that for the MATP 2complex (MMetal), among divalent cations Mg 2+ is a strong, but not the strongest, binder, [5, 6, 8, 10, 11] . Among monovalent cations such as Li + , Na + , and K + , Li + has the strongest binding affinity. It was also determined that monovalent cations compete with magnesium binding to ATP. [10] The ATP molecule has been studied by various NMR techniques. Metal binding has been shown to affect 31 P chemical shifts and 31 P-31 P scalar couplings in solution. [12] [13] [14] [15] [16] [17] [18] [19] [20] Ramirez et al. suggested that changes in the chemical shifts resulted from conformational changes of the phosphate chain and were not necessarily indicative of metal binding to a specific phosphate group. [17] On the other hand, Haake et al.
concluded that changes in 31 P chemical shifts must only be due to direct association with the metal. [13] Solid state Magic-angle spinning (MAS) 31 P NMR studies of disodium-ATP [20, 21] related changes in the phosphorous spectra also to the hydration state.
Sodium ATP structural crystallographic studies [22] [23] [24] in the solid state revealed two ATP molecules in the asymmetric unit, with four chemically inequivalent sodium sites and six water molecules. Two of the sodium sites form a dimer coordinating to the phosphate oxygens and a base nitrogen of both ATP molecules. The other two link the ATP dimers in the extended structure. The phosphate chains have a folded conformation and form partial helices; molecule A forms a left handed helix and molecule B forms a right handed helix. The ribose rings also have different conformations; molecule A has an N-type sugar pucker while molecule B has an Stype sugar pucker. The adenine bases are stacked almost parallel to each other. The existence of four inequivalent sodium sites in sodium ATP has also been identified in 23 Na multiple-quantum MAS (MQMAS) NMR studies combined with quantum mechanical calculation methods. [25] [26] [27] [28] Magnesium ATP could only be crystalized with bis ( bonding interactions were observed with the purine base or the ribose. 25 Mg MQMAS NMR studies also revealed the existence of two magnesium sites. [32] The phosphate chains in MgATP also have a folded conformation and are part of a network of hydrogen bonds formed with the metal-water complex, the adenine nitrogens, the ribose hydroxy oxygens and free water. Both ribose rings show an S-type sugar pucker conformation. The purine base has strong stacking interactions with the bipyam molecules and not with other bases. The metal-water complex was suggested to play a role in phosphoryl transfer due to its coordination with the phosphates chain.
Evidence for competition in solution between Li + and Mg 2+ for binding sites in ATP was obtained using fluorescence, Isothermal titration calorimetry (ITC), spin-lattice 7 Li T 1 relaxation time measurements and 31 P NMR. [10, 14, 19, 33] It was argued that binding of the metals to the base or sugar moieties was negligible and that Li + and Mg 2+ compete for phosphate binding sites. Furthermore it was shown that magnesium affinity is greater than that of lithium and that lithium binding constants to the phosphate group were somewhat greater in the presence of magnesium. determined that lithium binding to MgATP did not significantly alter the complex conformation implicating on the biological action of lithium. [35] Here we utilize a multi-nuclear MAS ssNMR approach to study a lithium-ATP-water complex, prepared from sodium-ATP, in order to find the lithium binding site. We
show that there are two inequivalent molecules in the unit cell, and we suggest a model for lithium binding that involves P and Pof one ATP molecule, and P ' of the second ATP molecule. Excess lithium does not replace all sodium ions in the complex, which bind both P phosphates.
Results & Discussion
Effects of lithium binding on the triphosphate chain:
The 31 P CPMAS spectrum of the LiATP complex, prepared according to a protocol which produced a trihydrate NaATP, is shown in Figure 1 . The six 31 P signals belong to two ATP molecules occupying the asymmetric unit, as observed before for sodium ATP. Also, the spectral features are in agreement with the trihydrate form observed for sodium ATP [20, 21] . In order to assess the effect of lithium binding on the spectrum, the signals need to be assigned to particular phosphate atoms. We therefore performed 31 P-31 P homonuclear DARR (dipolar assisted rotational resonance [36] ) correlation experiments using two mixing times. A DARR experiment conducted with a mixing time of 15 ms (DARR15) is shown in Figure 2a . It mainly establishes connectivities within each individual ATP molecule. This approach is similar to the one used to characterize NaATP [21] . With this spectrum it was possible to identify each molecule unequivocally. By comparison to prior studies, we know that -phosphates are located at a low-field (high-frequency) position, followed by the -phosphates and then by the -phosphates. The locations of the phosphates within the molecule are shown in Scheme 1. The relatively strong - correlation suggests that also here, as in the case of sodium and magnesium ATP, the phosphate moiety adopts a bent conformation.
Moreover, it is also possible to observe the inter-molecular correlations P-P ' (in asterisks), while other inter-molecular correlations were significantly weaker. This cross-peak already suggests a form of packing of the two inequivalent molecules. Following the DARR15 and CPMAS spectra, we could assign all 31 P signals and fit their CSA values, all of which are given in Table 1 . In order to estimate the organization of the dimer, more inter-molecular correlations should be obtained, and we performed another 31 P-31 P DARR experiment using a longer mixing time of 100 ms, allowing longer-range transfers, as shown in Figure   2b . From a qualitative analysis of the spectrum we can estimate the relative proximities of the phosphate groups from different molecules. The P-P ' and P-P ' crosspeaks are the strongest of the inter-molecular correlations, and the fact that the P-P ' are also strongly observed in DARR15 indicates the juxtaposition of these two phosphate groups. Clearly the weakest signals are those connecting P-P ' , P-P ' P-P ' and P ' -P Correlations with intermediate strength are observed for P-P ' . Since in the CP spectrum the signal intensities for P ' , P and P ' are about half of the signals of P, P and P ' , we also deconvoluted the 2D spectrum (using the software DMFIT [37] ), and normalized with respect to the 1D spectral intensities. Similar trends of the crosspeak intensities remain thus strengthening the conclusion that P and P of one molecule are close to P ' of a second molecule in the unit cell. In order to observe the effect of lithium on 31 P shifts upon replacement of sodium in the complex, we compared the 31 P spectra of LiATP with that of a recrystallized disodium ATP trihydrate sample, prepared in a similar manner, and with existing prior data. An overlay of the 31 P CPMAS spectra is shown in Figure 3 . Clear shifts are observed for all signals (P ' is only slightly shifted). The 2D 31 P-31 P DARR15 correlation experiment of recrystallized NaATP, appearing in Fig. S1 of the SI, further
shows that the resonances of the  phosphates are reversed in LiATP, as also can be deduced from comparison to other studies of sodium ATP trihydrate [21] . Unlike in solution, where the addition of LiCl to sodium ATP resulted in a shift of all phosphates to higher values, despite the existence of some dihydrate crystals in our data, the change in the 13 P chemical shift is distinct, and we observe that P and P ' shift to lower chemical shift values while the rest of the phosphates shift to higher chemical shift values. The largest shift observed is for P (+1.4 ppm) followed by P ' (+0.9 ppm) and P (-0.7 ppm). We will show later that these large shifts are in agreement with our observations that lithium binds to those phosphate groups. P and P ' chemical shift changes are close to that of P(~0.6 ppm), and they are shifted to opposite directions.
The smallest change in chemical shift is observed for P ' .
The different trends in the chemical shift changes (both upfield and downfield) may imply on both the differences in complexation i.e. sodium vs. lithium, several sites vs.
possibly a single metal site, changes in hydrogen bonding patterns, and on a change in the triphosphate chain conformation. transferred echo double resonance (TEDOR [38] ) experiment to observe correlations, and possibly resolve different lithium sites, and a rotational echo double resonance (REDOR [39] ) experiment in order to better quantify inter-nuclear 31 P-7 Li distances in the complex. Both experiments have been performed following our previous optimization schemes for 7 Li, applied to a complex of lithium, glycine and water (LiGlyW). [40] A 7 Li-31 P TEDOR spectrum is presented in Figure 4 . 7 Li correlations were observed with all phosphate groups save for P ' , which was below the noise level. Only a single lithium site is resolved, thus most probably we observe a single lithium site in the unit cell. Although the chemical shift dispersion of lithium is very small, such an experiment would have probably revealed differences between sites bound to different phosphates. An initial assessment of the proximity of lithium to the different 31 P atoms can be obtained from the analysis of the cross-peak intensities, as shown in Table 2 . Since 31 P intensities are not similar ( Figure 1 ) we normalized the TEDOR crosspeaks intensities according to the 1 H-31 P CP intensities in order to obtain a more accurate estimation of the transfer efficiency of each phosphate group to lithium. Lithium has the strongest correlation to Pfollowed by Pand P ' , results that are in agreement with the 7 Liinduced 31 P shifts observed above. P and P ' show the weakest signals, and P ' is barely detected above the noise level. Lithium strongly correlating to three phosphates is in agreement with the preferred tetrahedral coordination for lithium, as we observed in LiGlyW [40] (correlations to carboxyl groups), assuming that the fourth ligand is a water molecule, a base nitrogen, or from the ribose. In order to better quantify the coordination of lithium, we performed CPMAS-filtered In order to quantify the inter-nuclear 31 P- 7 Li distances we first examined the effect of various multi-spin systems on the signals, and assumed a single lithium site, since we can only resolve a single lithium signal, even when attempting to separate the sites with a triple-quantum/single quantum 7 Li correlation experiment, as done before for lithium in the enzyme Inositol monophosphatase [41] . Simulations of a LiP n spin system with n=1-3 were performed taking into account the nuclear quadrupolar coupling constant C Q of lithium, and CSA values of the phosphates, obtained from our experimental data. 31 P-31 P homonuclear dipolar couplings, and Euler angles relating the CSA and dipolar tensors were extracted from the structure of NaATP [21] . The simulations (SI, Figure S2 ) showed that the initial rise of the REDOR curve (from which the inter-nuclear distance can be measured) was unaffected by the spin system size or by the Euler angles of the interaction tensors. Small oscillations were observed at longer dephasing times and do not affect the analysis of the initial rise. Thus we concluded that two spin system simulations were sufficient.
The experimental data for the six 31 P species shown in Figure 5 were then deconvoluted (using the software DMFIT [37] ) and fit individually to simulations at a range of 31 P-7 Li distances using a single spin pair. Figure 6 shows the results for the closest 31 P spins, P, P, and P ' . All curves are in agreement with a distance of ~3.0Å. Figure 7 shows the results for P ' , P, and P ' , and they report on distances of 3.6-4.2 Å. Reported metal-phosphorus distances in ATP complexes are ~3.4-3.8Å in sodium ATP [22] [23] [24] and ~3.1-3.3Å in magnesium ATP [29, 30] . Thus, the distances are in a better agreement with the MgATP complex. The current results of oxygen-mediated 7 Li-31 P are also in agreement with prior observations of oxygen-mediated 7 Li-31 C distances including our studies of the LiGlyW complex, [40, 42] and of lithium binding in the enzyme inositol monophosphatase. [41] Thus they represent typical Li-O-X coordination. While the data above are sufficiently reliable to provide clear evidence on the proximity of lithium to the various phosphate moieties, several errors may marginally affect the quantification of our data. As discussed above, the initial rise is the most important region for a successful fit, however, the number of data points in this region for the shorter distances is small due to (i) the hardware limitation of using of a moderate spinning speed of 14 kHz (hence longer times between the detection points);
(ii) experimental deviations for data points taken when a full XY4 or XY8 refocusing cycle could not be used, evident for the second data point in Figure 6 . Yet, these do not affect the conclusions -From 31 P and 7 Li shifts, from 31 Figure S4 ). It also shows correlations to P and P ' although with a lower intensity. This signal therefore corresponds to the acidic P phosphate groups. Indeed such shifts are typical of hydrogen bonded protonated phosphates [43] . The correlations to the alpha phosphates are indicative of the spatial organization of the tri-phosphate moiety locating P of one ATP molecule between P ' and P ' of a second ATP molecule. In our preparation of the LiATP, the pH value was approximately 2-3, and following previous studies [44] [45] [46] [47] indicating that one hydroxyl group of the gamma phosphate has a pKa of ~1-2 and the second group has a pKa of ~6-7, we conclude that only one of the gamma phosphates is protonated. Thus, the other low-field signal that shows strong correlations to primarily P and P ' at 15.3 ppm, albeit with a smaller intensity, does not belong to a phosphate group. Unlike the signal at 11.6 ppm, the correlation to P is much weaker and correlations to both P /  ' phosphates appear as well.
Since the pKa of N1 is ~4-5 [44, 45] , it is protonated in our preparation. Imino NH protons involved in Watson-Crick hydrogen bonding resonate at 12-14 ppm, and in isocytosine and guanosine-derivatives for example, [48, 49] they have chemical shifts of 13-15 ppm. Thus the peak at 15.3 ppm can be attributed to the imino proton attached to N1 and is probably subjected to strong hydrogen bonding. The strong correlations to P /  ' suggest a bending of the base towards the edge of the triphosphate of the second ATP molecule. Approximate similar intensities of crosspeaks to P ' , and to P /  ' correspond to the location of the ring mid-way between its own P (or P ' ) and the P ' (or P) of the second ATP molecule. 
Residual sodium in LiATP
The LiATP complex was prepared from mixing excess LiCl with commercial disodium ATP trihydrate, in the molar ratio Li:Na of 10:1. Therefore, sodium may remain as a complex of the form NaLiATP, or as a residual with no specific role in the complex. In the trihydrate form of NaATP there are four chemically inequivalent sites according to X-ray crystallography [23] , as well as multiple-quantum MAS NMR [28] (also observed by us, see SI, Figure S5 ). An overlay of 1D MAS 23 Na spectra of LiATP and of recrystallized NaATP are shown in Figure 10 . Clearly some of the sodium signal disappears in the 1D 23 Na spectrum of LiATP, however, two signals (at least) remain; a narrow peak and a broadened signal. MQMAS spectra revealed three sites ( Figure   S5 ) and a three-site-fit for the 1D experiment generated C Q values of approximately 0.85, 2.3 MHz and 0.95 MHz, respectively, where the third site has a low occupancy in comparison to the other two. In order to further characterize these sodium sites, we performed { 23 Na} 31 P and { 23 Na} 7 Li PM-RESPDOR [52, 53] distance measurement experiments. A { 23 Na} 7 Li PM-RESPDOR recoupling curve is shown in Figure 11 . We observe a clear recoupling of the lithium signal that is consistent with an inter-nuclear distance of 4.3Å, and the recoupling approaches the theoretical limit for a spin-3/2 of S/S 0 =0.75. Therefore, it is most likely that at least one site in every ATP molecule can be attributed to sodium in close proximity to lithium. Since MQMAS suggests that at least two sodium sites exist in every ATP dimer, we can assume that both are in similar proximity to lithium and a simulation with two sodium sites shows even a better fit (at longer times) than a single spin-pair, and the estimated distance then increases up to ~5Å. In both cases, every ATP molecule must have a persistent high affinity sodium site.
Furthermore, looking at one point in a { 23 Na} 31 P PM-RESPDOR experiment ( Figure   11b ) reveals that the sodium atom coordinates to P, P ' , and to a lower extent, to P.
The complete recoupling curves are shown in the SI, Figure S6 . Assuming a decay from a single sodium spin, fitting the 31 P signal of P, is consistent with a distance of ~3 Å, which is too short when comparing to the reported Na-P distances in Na 2 ATP . [22] [23] [24] A fit involving two sodium sites yields more plausible distances of ~3.3-3.4 Å. Another way to directly determine if the additional sodium sites are part of the structure, and to characterize their environment, is to perform sodium-detected REDOR experiments. We therefore implemented { 31 P} 23 Na REDOR and { 7 Li} 23 Na REDOR experiments. We observe that in both experiments (Figure 12 and Figure S7) all sodium sites decay with an approximately equal rate. Thus, there must be at least two inequivalent sodium sites in the sample (and a possible third site with ~ 30-35% occupancy). The { 7 Li} 23 Na REDOR experimental results in Figure 12 show that sodium recoupling reaches ~0.5 (with 24% dilution of 7 Li) rather than the theoretical 0.24, suggesting that every sodium atom is in contact with two lithium sites. A two spin system simulation shows a reasonable fit to a distance of 5.5Å. This is in agreement with the inverse { 23 Na} 7 Li PM-RESPDOR measurements. and the decay signal S (gray). It can be seen that the dephasing seems to be uniform.
Proposed schematic model for lithium binding to ATP
Based on the results of this work we are able to propose the schematic model for lithium binding in the lithium ATP complex shown in Figure 13 . In the solid phase, LiATP is a dimer, similarly to MgATP and NaATP. The arrangement is such that P of one molecule is located between P ' and P ' of a second ATP molecule, with P ' located at an angle to both. Lithium is coordinated to the three phosphates P, P and P ' at a distance of ~3Å, and a forth ligand is presumably a water molecule. The adenine ring is somewhat tilted positioning its imino proton N 1 H + towards the gamma phosphate of a second ATP molecule.
Every such complex also has at least two sodium cations despite the fact that lithium was used in excess. These sodium ions are located at a distance of 4.3 -5.5 Å from two lithium sites (both at equivalent positions, probably belonging to two different unit cells), and are coordinated to the phosphates P and P ' , with Pthe next closest phosphate.
Despite the fact that the model is not complete in the sense that we cannot determine atomic coordinates at this stage, it demonstrates well the coordination of lithium, the strong affinity of the sodium sites, and the overall organization of the two ATP molecules. Figure 13 . A schematic model for lithium binding to two ATP molecules via three phosphate groups.
A more elaborate atomic-resolution model requires additional experiments and probably a full NMR crystallography approach.
Conclusions
Lithium is one of the most prominent drugs for various mental illnesses, mainly bipolar disorder. Lithium binds many enzymes as well as ATP, "the chemical energy of life". In this paper we characterize the complex of lithium with ATP using a multinuclear MAS solid-state NMR approach. The experiments included simple onedimensional spectra, two-dimensional correlation experiments involving lithium, phosphates and sodium, 1 H correlation experiments, and explicit distance measurements.
Based on all the accumulated data we can define the lithium coordination and identify the existence of structural sodium ions, bound to the complex in high affinity. To the best of our knowledge, an experimental model based on direct observation of lithium does not exist, while other models in solution suggest binding to gamma phosphates.
Here we show a model of binding for the LiATP complex, in which lithium coordinates to the three phosphate groups P, P and P ' with equivalent distances, and to a water molecule. Li-P distances are similar to those in MgATP [17] , to Li-C in a lithiumglycine-water complex [40] , and similar to Li-C in the enzyme inositol monophosphates, the putative target of lithium therapy [41] . This is a result that stems from the fact that Li + and Mg 2+ have a similar ionic radii. [54] The methods we present here are suitable for characterization of Metal-bound ATP molecules, even when a mixture of cations exist, a state depicting more biologically relevant situations.
Experimental Section
Preparation of a lithium-ATP-water complex LiATP was prepared by a small modification of the diffusion procedure described by Potrzebowski et al. [21] A trihydrate sodium-ATP-water complex was recrystallized following the diffusion procedure described by Potrzebowski et al. [21] Prior to recrystallization the sample showed broad 31 P lines indicating lack of a clear crystalline state, or a mixture of hydration states.
NMR Instrumentation and Referencing
The majority of solid state NMR experiments were performed on a Bruker Avance-III spectrometer operating at a magnetic field of 14.1T, corresponding to Larmor frequencies of 600.2 MHz for 1 H, 242.9 MHz for 31 P, 233.2 MHz for 7 Li, and 158.7
MHz for 23 Na. Experiments were performed using a wide-bore 4mm probe operating in double resonance 1 H-31 P and 1 H-7 Li modes, in a 1 H-31 P-7 Li mode using a REDOR BOX (©NMR service GmbH) frequency splitter, and in triple-resonance 1 H-31 P-23 Na and 1 H-7 Li-23 Na modes. Additional experiments were carried out using a fastspinning 1.3mm probe operating in double-resonance 1 H-31 P or 1 H-7 Li modes. Some measurements were performed on a Bruker Avance-III spectrometer operating at a magnetic field of 9.4T, corresponding to Larmor frequencies of 400.2 MHz for 1 H, 162.0 MHz for 31 P, and 105.9 MHz for 23 Na using a wide-bore 4mm probe operating in 1 H-31 P and 1 H-23 Na double-resonance modes. Spectra were externally referenced to adamantane at 1.8 ppm for 1 H, to O-phospho-L-Serine at 0.3 ppm for 31 P, to 1M LiCl solution at 0 ppm for 7 Li, and to 0.1M NaCl solution at 0.29 ppm for 23 Na (calibrated by secondary external referencing with adamantane). The experiments were performed at different temperatures and the reported values are the temperatures set at the entrance to the probe, which is lower than the actual sample temperature due to frictional heating during sample spinning.
Detailed experimental parameters are given in the captions and in the supplementary information.
Simulations and fitting of distance measurement experiments
All simulations were performed using the software SIMPSON [55] . 31 P-detected REDOR simulations were carried out for an isolated 7 Li-31 P spin pair, and for three (P 2 -Li) and four (P 3 -Li) spin systems taking into account isotropic shifts, CSA, C Q and all homonuclear and heteronuclear interactions. The carrier frequency was set onresonance for lithium and to the P ' atom for phosphorus. The values of C Q (50 kHz) and of the 31 P CSA were set according to the experimentally fitted lineshapes in a {36%-Li}-LiATP sample. 31 P-31 P homonuclear dipolar interactions, and Euler angles for the CSA tensors and the homonuclear dipolar tensors for the first ATP molecule were all adapted from sodium ATP studies. [21] Euler angles for CSA tensors for the second ATP molecule (two ATP molecules exist in the unit cell) were modified to create a semi mirror image. For the analysis of LiATP data, simulations were performed for different heteronuclear dipolar coupling constants. 31 P and 7 Li detected PM-RESPDOR and 23 Na detected REDOR simulations were carried out for two (P-Na or Li-Na) or three (P-Na 2 or Li-Na 2 ) spin systems. Parameters for lithium and phosphorous were similar to the above REDOR simulations. For sodium C Q values of 0.76 MHz and 2.0 MHz were used.
